Measures blocking hybridization would prevent or reduce biotic or environmental change caused by gene flow from genetically modified (GM) crops to wild relatives. The efficacy of any such measure depends on hybrid numbers within the legislative region over the life-span of the GM cultivar. We present a national assessment of hybridization between rapeseed (Brassica napus) and B. rapa from a combination of sources, including population surveys, remote sensing, pollen dispersal profiles, herbarium data, local Floras, and other floristic databases. Across the United Kingdom, we estimate that 32,000 hybrids form annually in waterside B. rapa populations, whereas the less abundant weedy populations contain 17,000 hybrids. These findings set targets for strategies to eliminate hybridization and represent the first step toward quantitative risk assessment on a national scale.
Globally, cultivation of genetically modified (GM) crops has increased to 59 Mha in 2002 (1) . GM cultivars offer economic and environmental benefits (2) , but also raise concerns that hybridization with wild relatives could cause unwanted environmental change (3, 4) . Several strategies could suppress hybridization between GM crops and wild relatives, including physical isolation (5) , male sterility (6), "safe" integration sites (7) , molecular control systems (8) , and chloroplast transformation (9) . These approaches have variable capacity to inhibit hybridization, and their utility depends on hybrid numbers expected in the target legislative region. Probability of change in a specified time interval increases with the number of hybrids formed, because some hybrids with the potential to cause change will not survive (10) . It is therefore desirable to quantify hybrid formation on the legislative scale.
After commercialization in the United Kingdom (UK), GM rapeseed is most likely to hybridize with B. rapa (11) . B. rapa occurs commonly in wild populations near waterways and infrequently as an agricultural weed. These "ecotypes" are considered separately. Hybrids between these species occur spontaneously (12), although there is currently no basis on which to estimate numbers nationally. To achieve such an estimate, we consider hybrids formed at sympatric sites and hybrids arising from long-range pollination.
Waterside B. rapa populations occupy seminatural communities with broad scope for ecological change after transgene recruitment. We inferred sympatry between these species by combining the mean density of B. rapa plants on waterways containing the species with the number of waterside rapeseed fields.
Rapeseed (Fig. 1A) and wild B. rapa (13) are almost absent from Northern Ireland, so our work focused on mainland Britain. We identified B. rapa on 95 British river systems by reference to local Floras, the database of the Botanical Society of the British Isles, the Centre for Ecology and Hydrology (CEH) Countryside Survey 2000, 591 herbarium specimens, and by direct surveying (13) (fig. S1 ). All sources indicated the absence of riverbank B. rapa from Scotland (13) . For instance, none of the 57 Scottish herbarium specimens were from rivers, and 16 Scottish local Floras made no mention of riverside B. rapa (13) . Size and position of waterside B. rapa populations elsewhere was surveyed along 151 km of nine riverbanks and 165 km of four canals (13) . B. rapa was markedly more common on riverbanks (0.755 plants/ m) than on canals (0.0037 plants/m). Sympatry was calculated separately for each. First, 95% confidence intervals for plant density were calculated as 0.31 to 1.81 plants/m for rivers and 0.0014 to 0.0096 plants/m for canals (13) . An altitudinal limit of 155 m was set for riverside B. rapa after surveying eight rivers to their sources (13) . B. rapa was also absent from brackish water (13) . These parameters were applied to all waterways containing B. rapa to predict distribution of waterside populations (Fig. 1B) .
River confluences with B. rapa totaled 117 Mm (13), on which we expect 88 million riverbank B. rapa plants (117 Mm ϫ 0.755 plants/ m), with a broad 95% confidence range of 37 million to 211 million plants. Canals contribute a comparatively negligible 79,000 plants (95% confidence range: 30,000 to 204,000 plants). We determined the length of rivers and canals within 30 m (one satellite image pixel) of rapeseed, primarily by overlaying satellite images covering areas of highest rapeseed and riverside B. rapa incidence with digitized waterways data (13) . The number of sympatric plants was calculated as the product of riverbank length within 30 m of rapeseed and mean density of waterway B. rapa. Sympatry in residual areas outside satellite imagery (25% of total) was calculated by regression (13) . Combination of both elements provided a spatially explicit profile of sympatry (Fig. 1C) . We thus estimate that 1.8 million waterside B. rapa plants are within 30 m of rapeseed fields in the UK. We empirically calculated hybridization rates at sites of sympatry. We identified 47 hybrids among 3230 plants from eight sympatric populations (13, 14) . Given 1.8 million sympatric B. rapa plants and this hybridization rate of 1.46% (Ϯ0.43%, 2 SEM Poisson error estimate), we estimate 26,000 (Ϯ22,000, 2 SEM) hybrids within sympatric waterside B. rapa populations.
We based long-range hybridization estimates on airborne pollen dispersal profiles. This assumes that long-range pollination by bees is negligible or similar to wind pollination but only underestimates gene flow should bee-mediated long-range dispersal exceed that by wind. Reexamination of airborne pollen profiles from isolated rapeseed fields over 2 years (15) revealed pollen density ( p), which can be described as Here, l is a scale for exponential loss of pollen by death and absorption, probably on the order of Ն100,000 m (wind speed of 5 m/s ϭ 18 km/hour; a 5-hour half-lifetime gives about this number), C is a normalization constant, b is the power-law exponent, c is a constant describing the distribution "shoulder," and x is the distance from the field (m). Daily records of airborne Brassica pollen density at six sites across the UK over 3 years in May (all Ͼ1 km from rapeseed) (13) set background pollen levels. Mean pollen density across all sites and years was 1.9 grains m Ϫ3 (minimum 1
We set h(1) as 0.0065, using hybrid seed set from three sympatric populations where croprecipient separation was 1 m. Interestingly, unlike exponential functions, this equation is broadly consistent with conspecific gene flow between fields of rapeseed reported in Australia (16) . Although this observation does not establish wind as the mode of long-range gene flow, it does support use of the function to approximate gene flow from rapeseed. To apply Eq. 2 to riverside B. rapa, we calculated mean hybrid frequency for each distance category as follows:
h͑ x͒dx where x a is the shortest isolation distance from rapeseed in the range and x b is the longest. Application of this equation to the proportion of B. rapa plants within 11 distance ranges generated a cumulative total of 5600 (Ϯ4300, 2 SEM) long-range riverside hybrids per annum across the UK (Table 1) .
Rapeseed is almost invariably grown as a "break crop" in an arable rotation of cereals. The weedy B. rapa ecotype habitually flowers in rapeseed but is effectively controlled in cereals. Self-incompatible weeds flowering synchronously with rapeseed yield many hybrid seeds (17) . Hybrid seeds also form on the crop but are difficult to quantify. Consequently, hybrid plant abundance is best measured directly. We screened for hybrid plants in five infested rapeseed fields from dispersed locations across England (13) and found 46 hybrids among 2388 B. rapa plants (1.9% Ϯ 0.6%, 2 SEM). Given that the mean population size of flowering B. rapa plants across 10 populations is 1523 (Ϯ1218, 2 SEM) plants, we expect 29 (Ϯ24) flowering hybrids per infested rapeseed field.
We then calculated the number of infested fields to predict hybrid abundance. Regional agricultural weed consultants based across the UK were questioned over B. rapa incidence. Each annually surveys 200 to 900 fields. Most reported no B. rapa, but two consultants did find the weed north of the Humber (fig. S2) . We surveyed the region for weedy B. rapa (13) . A mean of 8.5% (Ϯ1.2%, 2 SEM) of arable land in the region is rapeseed (14) , and 1.8% (8 of 440 fields) of arable fields examined contained B. rapa. However, the weed is reliably apparent only in rapeseed. Thus, if 8.5% of arable land is rapeseed and 1.8% of arable fields contain B. rapa, then 21% of rapeseed fields contain weedy B. rapa. The region contains 22 (Ϯ2.1, 2 SEM) kha of rapeseed (14) . Satellite imagery indicates mean rapeseed field size is 10.65 (Ϯ0.68, 2 SEM) ha. Thus, an expected mean of 2100 rapeseed fields in the region includes a predicted 447 (21%) with weedy B. From 3 years' data on rapeseed distribution, we predict 26,000 (Ϯ22,000) local hybrids and 6000 (Ϯ4000) "long-range" hybrids in waterside populations, and 17,000 (Ϯ16,000) hybrids in weedy populations. GM hybrid abundance is linked to GM rapeseed market share and so will be far lower than these figures initially. Ecotype distinction is also important, because ecotypes differ in potential for mediating environmental change, with riverside hybrids tending to cause complex ecological changes and weedy hybrids principally causing adjustments to agricultural practice.
The wide confidence ranges in our estimates serve to illustrate the level of difficulty in assembling quantitative risk assessment profiles on a national scale. These figures nevertheless help set targets for measures to reduce or eliminate hybrid formation. On the basis of our current estimate, any procedure seeking to preclude hybrids over the 10-year life-span of a GM cultivar claiming 10% of rapeseed acreage needs to repress hybrid formation by a factor of at least 10
Ϫ5
. We infer that widespread, relatively frequent hybrid formation is inevitable from male-fertile GM rapeseed in the UK. Our findings contrast with an earlier, regional assessment of hybrid formation, where few hybrids were predicted because of infrequent local sympatry (14, 18) . The discrepancy highlights the importance of performing risk assessment at the national scale. Indeed, observed variability between regions has relevance for risk management and especially for the precautionary positioning of early field trials. However, the substantial numbers of predicted long-range hybrids means that physical isolation would tend only to suppress, rather than prevent, hybrid formation.
The presence of hybrids is not a hazard in itself and does not imply inevitable ecological change. Hybrid fitness and other factors affecting the likelihood of change should be assessed. The long-term aim should be to provide spatially explicit national models for transgene recruitment and spread under scenarios that accommodate for transgenes conferring different levels of selective advantage. Thus, an estimate of UK hybrid abundance represents only the first step toward a more quantitative assessment of risk at the national level.
